First this paper presents a method for generating selective disassembly sequences. The method is based on the Lowest levels of a disassembly product graph. Instead of considering the geometric constraints for each pair of components, the proposed method considers the geometric contact and collision relationships among the components in order to generate the so-called Disassembly Geometry Contacting Graph (DGCG). The latter is then used for disassembly sequence generation thus allowing the number of possible sequences to be reduced by ignoring the components which are unrelated to the target. A simulation framework was developed and integrated in a Virtual reality environment (VRE) thus allowing generating the minimum number of possible disassembly sequences. Secondly, a method for disassembly operation evaluation by 3D geometric removability analysis in a VRE is proposed. It is based on seven new criteria divided into two categories: i). for ergonomic evaluation, ii). and for traditional processing evaluation. All criteria are presented by dimensionless coefficients automatically calculated, thus allowing evaluating disassembly sequences complexity. For this purpose, a Virtual Reality disassembly environment (VRDE) is developed based on Python programming language, utilizing mixed VTK (Visualization Toolkit) and ODE (Open Dynamics Engine) libraries. The framework is based on STEP, WRL and STL exchange formats. The analysis results and findings demonstrate the feasibility of the proposed approach thus providing significant assistance for the evaluation of disassembly sequences during Product Development Process (PDP).
Introduction
Integration of disassembly operations during product design is an important issue today. It is estimated that at the earliest stages of product design, the cost of disassembly operations represents almost 30 % of its total cost. Disassembly operation simulation of industrial products finds a strong interest in interactive simulations through immersive and real-time schemes. Nowadays, Virtual Reality Environments (VRE) have significantly evolved towards assembly/disassembly (A/D) simulation, highlighting new needs for their simulation preparation, evaluation and integration in Product Development Process (PDP). A/D simulations address different objectives such as: sequencing modeling, path planning, collision detection, operational time etc., which are often complementary to each other [1, 2] . As known, the number of possible disassembly sequences increases significantly with the number of parts in a product (assembly). In VRE, a human model is often involved in a digital mock-up (DMU) model for A/D evaluation. However, it has limited application areas because of its high cost investment. Most of the recent work on A/D related with Virtual Reality (VR) technology focuses on the simulation itself. From this perspective, Aleotti and Caselli [1] proposed a physics-based VRE for task learning and intelligent disassembly planning. Ladeveze et al. [3] proposed an interactive path planning method for haptic assistance in assembly task. For generating disassembly sequences CAD models of the assembly are often used as input. In order to reduce the complexity of the problem Cappelli et al. [4] developed a model combining CAD and and/or graph representation, for generating the transition matrix of the assembly, and for binary tree's representation. Pomares et al. [5] also used assembly CAD model associated with a list of components' features in order to develop local and global strategies for component removal in a VRE. Concerning the evaluation of disassembly sequences different tools using novel human-computer interface of VR are proposed [6] . Some criteria for A/D sequences evaluation were proposed in [7] in order to minimize the assembly time through parallel execution of some tasks. A new method based on work factors and genetic algorithm models was put forward [8] . It can be stated that the existing VR approaches still have limitations in the generation and evaluation of disassembly sequences.
In this context, first: a new method for selective disassembly sequences generation in VRE based on Disassembly Geometry Contacting Graph (DGCG) is proposed here. It focuses on: the concept of geometric feasibility (including translation, rotation, helical movements); contact identification (based on ODE libraries) and mobility operator for generating the possible removing trajectories; and collision detection (based on VTK libraries). Secondly a new method for disassembly operations evaluation in VRE is proposed. Instead of the ergonomic simulations with a human model, it integrates a camera as the eyes of the operator (avatar) in performing disassembling task in a VRE. In order to improve the efficiency of disassembly operation evaluation, seven criteria are proposed here divided into two categories for: ergonomic evaluation (visibility score, neck score, bending score) and traditional processing evaluation (disassembly angle-SDR, number of tools' changes, path orientation change and sub-assembly stability).
The results of this study may be useful for designers and industrials, allowing them to: take into accountthe constraints of disassembly operations by automatically generating the selective disassembly sequences and their evaluation in a VRE during the initial phase of product's design.
Method for selective disassembly sequences generation
The proposed method is based on two main steps. The first one consists in building the Disassembly Geometry Contacting Graph (DGCG) of the product. The second one consists in generating the feasible disassembly sequences.
Building the Disassembly Geometry Contacting Graph (DGCG)
The DGCG aims to share the components related to the targets into different disassembly levels according to their order to be disassembled. If some components can be disassembled directly, without removing other components, those ones are called 1-st-disassembly level components. Consider an assembly containing m components. For each of them, the Set of directions for removal SDR (see Section 3.1) and the collision detection are checked. Then, after m iterations, the 1st-disassembly level components are obtained. Then, recheck the remaining components to obtain 2-nddisassembly components and so on. The process for building the DGCG stops automatically when the target component is reached. The following notations are involved in the graph (see Fig. 3 
2). If not, the component can be disassembled; iii).
Remove the components in the current level by cutting off their arcs; recheck SDR and collision detection for the remaining components again and so on.
Disassembly Sequences generation
For disassembly sequences' generating, three micro-unites, which consider all the possible relationships between the target component x and its surrounding ones in the DGCG, are proposed: i). Micro-unite 1. Transition from No SDR (NS) to Collision (C) (Fig. 1a) ; ii). Micro-unite 2. Transition from Collision (C) to Collision (C) (Fig. 1b) and iii). Micro-unite 3. 
Transition from No SDR (NS) to No SDR (NS) (Fig. 1c).
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Case study
In order to compare the proposed method with other works an example for disassembly sequences generation of target Cover 5 of an electrical motor, similar to the work of Popescu [9] is presented in Fig. 2 . According to the procedure for generating the DGCG [10] the five-level DGCG for Cover 5 is built as shown in Fig.3 . The target is appearing in level 5. It means that all its related components, namely components 1, 2, 3, 4, 11, 13 and 14 situated in the upper levels have to be disassembled in order to reach it. 13 The second step consists in disassembly sequence generation. For this purpose, a mixed Virtual Reality Disassembly Environment (VRDE) is developed based on Python programming language (see Section 4). The input 3D assembly models are based on VTK (Visualization Toolkit) library and acquired through VRML files coming from CAD software. The contact identification is based on ODE Geom (Open Dynamics Engine) libraries developed by Russell Smith, (http://www.q12.org/ode/), particularly useful for simulating moving objects in VRE. All relationships amongst the parts in the DGCG are presented as disassembly order graph (DOG) (Fig. 4 .) It allows generating the disassembly order for the target component in the inverse arrow side. Thus, the twenty four possible disassembly sequences generated automatically by the developed environment and based on the proposed DGCG method are presented in Fig. 5 . 
Method for disassembly sequences evaluation
Prior work has focused on the evaluation of disassembly operations in a VRE [11] , where a method based on five criteria was proposed. The criteria were divided into two categories: traditional processing evaluation (disassembly angle, number of tools' changes, path orientation change, sub-assembly stability) and ergonomic evaluation (visibility score) which is completed here by two new criteria namely: neck score (NS) and bending score (BS) [12] . Those new criteria are chosen because they cover two ergonomic aspects namely: lateral and forward rotation movements of the neck, and trunk bending movement. Note that the proposed criteria are not the only existing and other ones can be added.
Traditional evaluation
The traditional evaluation also called processing disassembly evaluation, instead of considering ergonomic aspects, considers some criteria related to the technological conditions for disassembly process execution.
Stability of the sub-assembly
While moving a component away, sub-assembly stability is defined as the possibility for the remaining parts to be in a steady state. Thus, the proposed stability score Sta of the subassembly is defined by:
where: m is the number of components in the assembly, f is the number of components falling down in the gravitational field. For f=0, the stability is maximum, Sta=1. The worst situation is for f=m, when Sta=0.
Tools' changes
During disassembly operation the number of tools' changes is an important factor for the operation time. The proposed dimensionless coefficient of tools changes T is defined as:
where: l is the number of tools' changes (l 0) and (m 2). The best situation is when it is not necessary to change the tool (l=0) to disassemble any component, T=1. If l=m-1 this is the worst situation with T=0.
Disassembly angle or Set of directions for removal (SDR)
For a component moving in 3D environment with 6 DOF, the disassembly directions are in the 4π 2 surface where r is the radius of the sphere. This surface is the image of 360° volume angle. The proposed dimensionless score for the disassembly angle C (SDR,) for a component is:
where and are polar and azimuthal angles respectively.
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The best situation is when C=1 (all the possible movements are feasible) and the worst one when C=0 (there are no possible movements).
Changes of the path (trajectory) orientation
Let us consider a path and a number of points A, B, C on it situated at equal distance (step) u chosen by the operator (Fig  6) . At each point, a tangent vector on the path (curve) is defined. The first one is the referent vector, in the beginning of the curve (here in point A). The proposed path orientation change P, is:
where: is the angle between the referent vector and the next tangent local vector (here at point B), t is the number of times for orientation change. The ideal path is when t=0, i=0, the path is a straight line, and consequently P=1. For i= , P=0, which is the worst situation. 
Ergonomic disassembly sequences evaluation
The purpose of Ergonomic engineering is trying to fit the task to the human and not the human to the task. Thus, the proposed Geometric Removability Analysis method is focusing on the evaluation of disassembly difficulty in VRE which consists in: i). analyzing the Physical position of the operator; ii). replacing the human eyes by a camera. The analysis of the distances and angles related to the component disassembly operation direction, and the component position in the VRE is performed for the removability evaluation by considering the proposed three ergonomic criteria.
Visibility score
In order to evaluate the visibility for the target part, here a bolt (Fig. 7) , the camera in VRDE is in the position of the human eyes and in the direction of the target. Two images are taken by the camera, namely: the bolt itself with vb pixels (Picture 1 of Fig. 7 ) and the bolt in the assembly surroundings with va pixels (Picture 2 of Fig. 7) . The proposed visibility score v, for a target, is v=va/vb, with vb≠0. If there is no obstacle part to hide the target, the visibility score is 1. If the target part is completely hidden by other parts, the visibility score is 0. Thus, the average visibility for a disassembly sequence is: 
Neck score (NS)
This criterion measures the forward rotation angles: c1 between the visual direction and the vertical direction (Fig. 8) , c2 between the visual direction and the component moving direction; and (c3) the lateral rotation of the neck. Angles c1 and c3 are susceptible to affect the neck fatigue. The proposed forward score fs is: According to RULA sheet [13] , if angle c1 is more than 90° or less than 70°, the forward score is 0 (zero). If the value of c3 is between 0° and 20°, the proposed lateral rotation score ls is: 
In the realized application, we consider that if the value of c3 is more than 20°, the side scores for lateral rotation is ls=0, which implies that the side bending is too big for the operator.
Bending score (BS)
Another parameter which is affecting the ergonomy of the disassembly operation is the bending score (BS). Its value is calculated from the trunk bending angle c2. If it ranges from 0° to 60°, BS is defined as:
Note that in the worst case (c2>60°), the bending score is 0.
The three scores (VS, NS, BS), proposed here above, formulate a strategy to create a simple analysis for ergonomics evaluation. However, the problem is how to use this approach in the absence of 3D human model. For this purpose, as previously said, the proposed method consists in replacing the human model by a camera. The latter is used to detect the angles (c1, c2, c3 ) and distances (d1, d2) required to calculate the overall score of the proposed three ergonomic criteria. Then according to formulas (5), (6) (7) and (8) the overall score OS for the ergonomic evaluation of disassembly operation is: OS=VS+NS+BS.
The proposed procedure using a camera for ergonomic evaluation consists in: i). Defining the work environment: first the target component is set in the OYZ plane (Fig. 9) , then, the human operation plane is defined as the parallel plane with OYZ in positive x direction; ii). Defining the position of the camera, according to the workspace and the position of the target component. The initial position should consider the operator height (size) and the real distance between the operator and the camera; iii). Using the camera to detect the geometrical parameters namely: distances d1, d2 and angles c1, c2, and c3. 
Case study
In order to demonstrate and validate the proposed method for disassembly evaluation an example is given. Experiment consisted in virtual disassembling of a five-parts mechanism (Fig. 10) by moving all the parts from the mechanical assembly to the destination vertical surface. As previously said, the collision detection is performed with ODE. The process for disassembly simulation evaluation consists of two main steps: i). the operator removes or rotates the camera in a convenient position for observation (the environment coordinates for the camera position and the object position related to the human height 175cm are first built), ii). calculation of the proposed seven criteria for ergonomic and technological evaluation. After performing the four disassembly sequences, the scores for the seven proposed criteria are calculated (Table 1) . The latest column presents the sum of the seven criteria scores for each disassembly sequence. The higher the score value is the better the sequence is. Thus, the best sequence is sequence {1,2,3,5,4} with SUM=4.53799. The values for visibility of a part and path orientation change depend on the way that the operator is handling the components in the VRE. However, the values of disassembly angles (SDR), the number of tools' changes and the stability are not related to the operator's abilities and consequently only depend on the mechanical assembly and the disassembly sequence itself. Two subjects were involved in the performed experiments for disassembly simulations. In order to improve the reliability of the proposed method, the average duration of the disassembly time for these two subjects were recorded as well (Table 2) . The shortest time is 39.089 sec for sequence {1,2,3,5,4} performed by Subject 2, which is consistent with the previous evaluation thus showing that this sequence is the best evaluated one according to the proposed criteria.
Implementation in Virtual Reality Disassembly Environment (VRDE)
The general structure of the VRDE with the relationships between VTK and ODE libraries, which include the two main aspects of this work namely: the method for selective disassembly sequences generation and their evaluation, is shown in Fig. 11 . The relationships between the objects in VTK and ODE are shown as in Fig. 12 . The center of GEOM is followed by the position of the BODY. The center of Actor is followed by the Position of the ODE object. The purpose being to realize the interaction of ODE objects, the world object is a container for rigid bodies and joints. Objects in different worlds cannot interact, for example rigid bodies from two different worlds cannot collide. 
Conclusion and future work
Firstly a method for selective disassembly sequences generation is presented. In comparison to the analysed literature, where different concepts to detect removal directions are used, our work is based on the "lowest levels of disassembly graph" method. Sequences' generation is based on the proposed disassembly geometry contacting graph DGCG. The latter is built on the investigated three microunites, and geometric feasibility which integrates SDR and collision detection. With the proposed micro-unites, the method eliminates all components unrelated to the target thus allowing reducing the number of iterations for disassembly sequence generation and consequently search time. Secondly, a new method for the evaluation of disassembly operations is presented. For this purpose seven criteria divided in two categories -ergonomic evaluation and traditional processing evaluation -are proposed. Based on the proposed methods for disassembly sequences generation and evaluation, an application integrated in a Virtual reality disassembly environment (VRDE) is developed. It allows the evaluation of the disassembly operation complexity during: design, production processes, product maintenance and at the end of Product Life Cycle. The case studies demonstrated the efficiency of the proposed method confirmed by experimental tests. However, at this stage, the work is not considering the ranking of the proposed criteria. Future work will focus on ranking them according to their importance. For this purpose different weights will be allocated to each of the criteria, thus allowing a more comprehensive evaluating method. 
